Introduction
The purpose of the study was to establish a thorough understanding of the major lithostratigraphic unit distribution and sequence stratigraphic architecture within the latest Silurian to Early Devonian Winduck Interval section of the Blantyre and western Neckarboo sub-basins, central Darling Basin, and identify prospective areas for hydrocarbon exploration (Fig. 1) . This paper presents a re-evaluation of the lithostratigraphy in part of the study area from four wells (Kewell East 1, Mount Emu 1, Booligal Creek 1 and Booligal Creek 2; Fig. 1c ). The Winduck Interval was not penetrated in other wells (Blantyre 1 and Snake Flat 1) in this part of the basin. The application of lithological and wireline log analytical techniques to subsurface geology, using a case study from the Darling Basin, highlights some of the problems and potential benefits. Regionally correlatable non-marine sequences can be documented and integrated with sedimentologically constrained data into a lithostratigraphic and sequence stratigraphic architecture. Such practices have long been used to define sedimentary facies in terms of lithostratigraphic analysis related to sequence stratigraphic analysis in other basins worldwide (e.g. Nadon et al. 1984; Pedersen 2003; Clevis et al. 2004; Ruiz-Ortiz et al. 2004; Bouougria and Saquaqueb 2004; Duarte 2007; Aleali et al. 2013; Meor et al. 2013) .
A number of published papers on the Darling Basin discuss stratigraphic correlations, both regional and local, but few deal with regional correlation of the uppermost Silurian Abstract An integration of lithostratigraphy and general sedimentary facies character for non-marine rocks can be a powerful tool in understanding the sequence stratigraphic architecture of the subsurface latest Silurian to Early Devonian Winduck Interval in the Blantyre and western Neckarboo sub-basins, central Darling Basin. This study integrates wireline logs (gamma ray and resistivity), cores and cuttings data to determine the sequence stratigraphic subdivision of the study area. The lithostratigraphy of the Winduck Interval could be subdivided into three units (A, B and C, in ascending order) in the four available wells (Mount Emu 1, Kewell East 1, Booligal Creek 1 and Booligal Creek 2). Closer study of the sequence stratigraphy in the approximately 850-m-thick Winduck Interval revealed ten parasequences (A-J) in progradational to retrogradational parasequence sets and three main Winduck sequences, WKS1, WKS2 and WKS3. Use of the suggested sequence stratigraphic model of the Winduck Interval has the potential to refine existing lithostratigraphic schemes and, given the higher resolution and more detailed correlation, may significantly improve subsurface stratigraphic reconstructions and aid in prediction of hydrocarbon-bearing reservoirs.
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to Lower Devonian sequences. Among the earliest publications are those by Neef and Bottrill (1991) , Bembrick (1997a, b) , Alder et al. (1998) , Neef (2004 Neef ( , 2005 and Cooney and Mantaring (2007) . The integration of sedimentology and stratigraphy has recently been the focus of sequence stratigraphic papers by Willcox et al. (2003) , Khalifa (2005 Khalifa ( , 2006a , Khalifa and Ward (2009) and Khalifa M and Alta'ee (2011) . Khalifa et al. (2015a) proposed 29 subsurface sedimentary facies, which were grouped into five facies associations based on wireline log signatures integrated with lithological core and cuttings logs from the latest Silurian to Early Devonian Winduck Interval in the Blantyre and western Neckarboo sub-basins. These facies are summarised in Table 1 (see also the detailed sedimentary logs of the latest Silurian to Early Devonian Winduck Interval in Figs. 5, 7, 8: cf. Khalifa et al. 2015a) . Sequence stratigraphic-lithostratigraphic models commonly used to predict facies reservoir distributions represent frozen time windows, whereas in reality depositional systems the distribution of the main structural elements and major structural zones, sub-basins and troughs with location of the study area denoted by the box (modified after Glen et al. 1996; Scheibner 1993; . c Index map showing gravity anomalies with distribution of wells used in cross sections (Figs. 7, 8) within the Blantyre and western Neckarboo sub-basins (modified after NSW Department of Mineral Resources 2003; Khalifa 2005 ). Abbreviations Anticlines H-1, H-2 and dome H-3 = structural highs; synclines L-1 and L-2 = structural lows 1 3 and stacking patterns of facies associations are dynamic. The synergy of lithostratigraphic and sequence stratigraphic approaches can provide a powerful and reliable tool based on the integration of all available data. The sequence stratigraphic terminology of Van Wagoner et al. (1988 , 1990 ) is used throughout.
The objectives of this study have been: (1) to determine the extent and geometry of each of the proposed lithostratigraphic units within the Winduck Interval; (2) to delineate sequence stratigraphic boundaries; (3) to determine detailed sedimentary geometries within the parasequences, as well as the variability of parasequences boundaries within the Winduck Interval; and (4) to determine the processes responsible for the development of sequences in the Blantyre Sub-basin (Booligal Creek 1 and 2 and Mount Emu 1 wells) and western Neckarboo Sub-basin (Kewell East 1 well). The present synthesis allows a new interpretation of the lithostratigraphy of a sequence correlated with the latest Silurian to Early Devonian Winduck Interval in the Blantyre and western Neckarboo sub-basins. We also describe the sequence stratigraphic architecture of fill in the Blantyre sub-basin and, hence, its petroleum potential.
Geologic background Stratigraphic subdivision of the Winduck Interval
The stratigraphy of the Darling Basin has been summarised by Bembrick (1997a, b) , Alder et al. (1998) and other authors and is adopted herein. Bembrick noted that prior literature contained a "terminological maze" of often-conflicting strato-tectonic terms to describe the various lithofacies in the basin. Consequently, in an effort to standardise the nomenclature, he adopted an informal, nongenetic, "working stratigraphy" intended as a framework for future refinement and adaptation. For the Siluro-Devonian section, Bembrick proposed the following lithostratigraphic terms to name the intervals (in order of decreasing age)-the Winduck Interval, the Snake Cave Interval and the Ravendale Interval. These units are bounded by major sequence boundaries, marked by significant breaks in sedimentation that are accompanied by varying amounts of structural movement and erosion. These sequence boundaries also correspond with the major seismic events noted by Evans (1977; Table 1, p. 44) and are equivalent to the major tectonic events described by other authors. They are the late Silurian Bowning Orogeny, probably related to Horizon A; the early Devonian Bindian Orogeny, probably related to Horizon B; the late Mid-Devonian Tabberabberan Orogeny, probably related to Horizon C; and the Carboniferous Kanimblan Orogeny, probably representing Horizon D (cf. Khalifa 2009; Table 2 ). The purpose of this study is to evaluate the critical elements of the lithostratigraphy and sedimentology for the thick sediment packages in the area, focusing on the latest Silurian to Early Devonian Winduck Interval.
The basic and most widely accepted published stratigraphic framework for the Darling Basin, western New South Wales, has been derived from Evans (1977) , Byrnes (1985) , Glen (1979 Glen ( , 1982a Glen ( , b, 1986 , Neef et al. (1989) , Neef and Bottrill (1991) , Bembrick (1997a, b) , Alder 
Facies association A represents deposition in a distributary-channel sandstone complex environment conditions on the presence of cross-bedded, low-angle, inclined laminations and large-scale ripples, whereas the gradationally overlying upper part is marked by asymmetric current ripples with fine-scale laminations and trough cross-laminations. Additional facies include parallel and cross-laminated sandstone and siltstone, as well as rare massive beds.
B WKE-4, WKE-5, ME-3, ME-4, B1CK-2, B2CK-4
The dominant sedimentary structures in facies association B are parallel-laminated fine sandstone, cross-bedded fine-to medium-grained sandstone, horizontal to low-angle planar laminations and massive highly bioturbated very fine sandstone and siltstone in several places. Bioturbated muddy sandstone occasionally overlies the silty shales, associated fossils include shallowmarine gastropods, brachiopods, crinoid ossicles and bryozoans. Facies association B was probably deposited in a distributarymouth bar environment. C WKE-6, WKE-7, ME-5, ME-6, B2CK-5, B2CK-6
Facies association C generally has sedimentary structures including small-scale trough cross-bedding and fine cross-lamination, with ripple bedding, planar lamination and parallel lamination. Other beds exhibit horizontal to low angle laminated and less common massive sandstone. Additional facies associations include parallel lamination and wavy bedded sandstone and siltstone, with a medium to highly intensity of bioturbated sandstone. Facies association C represents sediments deposited under tidalchannel sand environment conditions based on the associated sedimentary structures.
----------Winduck Sequence 3 -----------D WKE-8, WKE-9, WKE-10, ME-7, ME-8,
The characteristic sedimentary structures in facies association D are ripple lamination, small-scale trough cross-bedding, crosslamination and parallel laminated beds with some massive intervals. Interbedded, upward-coarsening, thickening-upward succession of burrowed beds. The parallel-laminated units are interpreted as mouth-bar deposits. Bioturbation varies from moderate to abundant. Interbedded with the sandstone beds are rippled or highly bioturbated silty shale to very fine sandstone beds. This facies association was deposited in a proximal delta front associated with mouth bar complexes E WKE-11, WKE-12, ME-9
Facies association E consists primarily of stacked sets of fine-grained sandstone that display cross-lamination, prominent climbing ripples and low angle cross-bedding. The shales show some soft sediment deformation, and siltstones were probably formed by low-angle cross-bedding. In some places, the facies association shows bioturbation and worm burrows with common carbonaceous matter. The sedimentary structures and deposits in facies association E are interpreted as deposits of distal delta front to prodelta.
Abbreviations of sedimentary facies in the Winduck Interval: WKE 1-12 = sedimentary facies in Kewell East 1 well; ME-1-9 = sedimentary facies in Mount Emu l well; B1CK-1-2 = sedimentary facies in Booligal Creek 1 well; B2CK-1-6 = sedimentary facies in Booligal Creek 2 well as identified by Khalifa et al. (2015a) Khalifa (2005 , Khalifa and Ward (2009) Khalifa et al. (2015a) 1 3 et al. (1998) , Cooney and Mantaring (2007) , Khalifa (2005 Khalifa ( , 2006a Khalifa ( , b , 2009 , Khalifa and Ward (2009) , Mills (2010, 2014) and Khalifa et al. (2015b, in review) . Wide varieties of lithostratigraphic unit names have been used to describe distinct sedimentary units, many of which are laterally discontinuous. A simplified lithostratigraphic unit scheme (Fig. 2a) currently applied to the Winduck Interval is based on the work of Andrews (1913) , Rayner (1962) , Glen (1982a, b) , Neef et al. (1989) , Neef and Bottrill (1991) , Neef et al. (1996) , Vickery et al. (2010) and Bembrick (1997a, b) .
The Winduck Interval has been identified in many wells throughout the Darling Basin. Figure 2b shows the largescale facies sequence framework for the Winduck Interval that ranges from alluvial/fluvial in the west to fluvio-deltaic and shallow shelf in the east where it generally contains an abundance of shelly macrofauna. It is probable that the shallow-shelf conditions were present as far west as the eastern margins of the Lake Wintlow High and Wonominta Block. A general provenance to the west and southwest is indicated, with a gradual eastward progradation of the younger (fluvial and fluvio-deltaic) units over the shelf. This interval therefore represents a broad regression at the closing stages of deeper water sedimentation in the Cobar Basin, the Nelyambo Trough and probably other depocentres to the west. It is in fact coeval with the upper Amphitheatre Group deposition in the Cobar area (Glen 1986) .
In summary, the stratigraphy and sedimentology of the latest Silurian to Early Devonian Winduck Interval and equivalents is now recognised across the Darling Basin, both in outcrop and in the subsurface. These strata are represented by the Mt Daubeny Formation in the western part of the basin, the Winduck Group in the central and eastern parts and the upper Amphitheatre Group in the eastern part Khalifa 2005 Khalifa , 2006a Khalifa , b, 2009 Khalifa and Ward 2009) . b Depositional environment framework of the latest Silurian to Early Devonian Winduck Interval from west to east across the Darling Basin (modified after Alder et al. 1998; Pearson 2003; Khalifa 2005 Khalifa , 2006a Khalifa , b, 2009 Khalifa and Ward 2009) . Both include the seismic marker unconformities (A, B) of Evans (1977) and the Winduck Interval defined by Bembrick (1997a, b) 1 3 of the basin (Fig. 2a, b) . In the subsurface, the rocks stratigraphically equivalent to the Winduck Group are referred to as the Winduck Interval, following the nomenclature of Bembrick (1997a, b) .
Distribution and stratigraphic sequence relationships
In a classical study of the area, Khalifa (2005 ) and Khalifa and Ward (2009) have shown that the Winduck Interval can be recognised within the latest Silurian to Early Devonian succession. This interpretation was based on the positions of the stratigraphic boundaries in the available exploration wells based on wireline logs, core and cutting descriptions and on interpretation of seismic lines (see Ward 2009, 2010) . Further stratigraphic subdivision of the Winduck Interval in the wells in the Blantyre and western Neckarboo sub-basins was difficult due to the limited number of seismic markers and the limited availability of supplementary biostratigraphic data. The interpretation was confirmed in wells that encountered the Winduck/Snake Cave boundary, such as Mount Emu 1 ( Khalifa (2005, 2009, 2010) and Khalifa and Ward (2009) defined the position of the lithostratigraphic boundary between the top of the Winduck and the bottom of the Snake Cave Intervals as seismic horizon-2, and it can be traced on seismic lines through Kewell East 1 and Mount Emu 1. The boundary is marked in Mount Emu 1 by an abrupt lithologic change and a sharp decrease in the gamma-ray log value at a depth of 612 m (cf. Haskell and Wiltshire 1970; Khalifa and Ward 2009: Fig. 5 ). In the fully cored Kewell East 1, the upper part of the Winduck Interval consists of interbedded sandstone and shale, whereas the lower part of the Snake Cave Interval is relatively pure sandstone. The contrast is also seen in the gamma-ray log, which has relatively high values in the upper Winduck Interval, but drops sharply above 378 m to lower values in the overlying lower Snake Cave Interval (cf. Khalifa and Ward 2009: Fig. 5 ).
Recent work by Khalifa (2005) and Khalifa and Ward (2009) 
Well database and methodology

Well database
The database for this high-resolution study includes well completion reports, wireline logs, core and cuttings data from four wells, which were used to develop a lithostratigraphic and sequence stratigraphic framework for the latest Silurian to Early Devonian Winduck Interval deposits of the Blantyre and western Neckarboo sub-basins (Table 2) .
Comparison of cored sequences and accompanying wireline log responses facilitated correlations between lithostratigraphic units, sedimentary facies and sequence stratigraphic units in the uncored intervals. The gamma-ray and resistivity wireline log characteristics and other subsurface data from Kewell East 1 and Mount Emu 1 were used for interpretation. Three fully cored wells (Kewell East 1, Booligal Creek 1 and Booligal Creek 2) in the Blantyre and western Neckarboo sub-basins provided detailed lithologic data, and good well control allowed high-resolution lateral sedimentary facies correlation. The small amount of biostratigraphic data acquired from Kewell East 1 and Mount Emu 1 provided important corroboration of sequence stratigraphic interpretations and is discussed in more detail below.
Methodology
The methodology employed for the lithostratigraphic and sequence stratigraphic analysis and correlation involved the following aspects.
Firstly, all Winduck Interval core and cutting samples from the Blantyre and western Neckarboo sub-basins, together with selected nearby wells, were described and interpreted in terms of lithostratigraphic units from wireline logs alone. Gamma-ray and resistivity logs from two wells (Kewell East 1 and Mount Emu 1) were correlated to establish the lithostratigraphic units and the relative sandstone vs shale content. Also, matching of lithologic information observed in fully cored samples (descriptions from Kewell East 1, Booligal Creek 1 and Booligal Creek 2) to specific log responses allowed recognition of a range of well-log signatures characteristic of the Winduck Interval and helped to provide the necessary lithostratigraphic control. The distribution patterns of these units were determined from wireline log correlations within the Winduck Interval in the Blantyre and western Neckarboo sub-basins. Finally, a regional sequence stratigraphical framework for the Winduck Interval was developed from facies associations, derived from cores, cuttings and wireline logs using the techniques for sequence stratigraphic studies outlined by Van Wagoner et al. (1988 , 1990 and Galloway (1989) . The well data were used to correlate specific sequence boundaries between boreholes (e.g. Kewell East 1 and Mount Emu 1, Booligal Creek 1 and Booligal Creek 2) and to define the parasequence geometry. Integration of different parasequence stacking cycles identified from well-log section, allowed development of a sequence stratigraphiclithostratigraphic model of the Winduck Interval within the Blantyre and western Neckarboo sub-basins.
Results and interpretation
Use of wireline log signatures to interpret subsurface lithostratigraphic units in the Winduck Interval
The lithostratigraphic correlation used in this study is based on wireline logs and lithological data from four wells. Most of the lithostratigraphic units identified from cores and cuttings have characteristic wireline log responses. In these wells, thicknesses of sandstone, siltstone, shale, shaly siltstone and silty shale strata range from less than one metre to several hundred metres.
The lithostratigraphic correlation describes unit geometries within the Winduck Interval. The main lithostratigraphic unit studies have focused on Kewell East 1 (Fig. 3) , which is regarded as the stratigraphic reference section for the Winduck Interval because of its extensive core coverage (intersected from 378 m to the termination depth of 1224 m) and the relatively complete stratigraphy preserved in this location. The complex stratigraphy in the Blantyre and western Neckarboo sub-basins has been illustrated in previous publications (Bembrick 1997a, b; Alder et al. 1998; Khalifa 2005 Khalifa , 2006a Khalifa , b, 2010 Cooney and Mantaring 2007; Khalifa and Ward 2009; Khalifa M and Alta'ee 2011) .
The relationship between gamma-ray and resistivity log responses and lithostratigraphic units is illustrated by Kewell East 1 and Mount Emu 1 (Fig. 3) . In these wells, characteristic log segments equate with the lithostratigraphic units recognised from core lithologic logs in Booligal Creek 1 and Booligal Creek 2 (Fig. 3) . The various distributions and thicknesses of lithostratigraphic units are given in Table 3 .
The latest Silurian to Early Devonian Winduck Interval deposits in the Blantyre and western Neckarboo sub-basins comprise three lithostratigraphic units, bounded by distinct changes identified from wireline log characteristics and lithologic core descriptions. Consequently, the redefined units are not significantly different from the original units, but are now defined at other wells and the definitions have been adjusted to provide a firmer sequence stratigraphical framework for wireline log correlation. Each lithostratigraphic unit is briefly described below in ascending order of occurrence.
Lithostratigraphic unit A correlation
The top of lithostratigraphic unit A is seen clearly in wireline logs and core lithologies (Fig. 3) , which generally exhibit a sharp-based high gamma-ray pattern and relatively low resistivity values. Two log markers can be identified in wells, one at about 783 m in Kewell East 1 that well shows a high gamma-ray log corresponding to relatively high shale units and the other at 1024 m in Mount Emu 1 where the boundary is marked by a high gamma-ray value. Correlation of similar gamma-ray and resistivity curve patterns supported by the core and cuttings from Kewell East 1 and Mount Emu 1 shows a bow-shaped log motif that is the pick for the top of lithostratigraphic unit A (Fig. 3) . The top of the unit in Booligal Creek 2 is marked by a change in the core lithologic response at a depth of 500 m, and it occurs at an estimated depth of 260 m in Booligal Creek 1 (Fig. 3) .
Interpretation of the correlated wireline log and core lithologies in the course of the present study has shown that the base of lithostratigraphic unit A is not completely present in Mount Emu 1, Kewell East 1, Booligal Creek 1 and Booligal Creek 2 (see Fig. 3 ). The lower part of lithostratigraphic unit A is mainly composed of sandstone and siltstone with intercalations of shale and few shaly siltstone beds that are of variable thickness (cf. 
Lithostratigraphic unit B correlation
Lithostratigraphic unit B gradationally overlies lithostratigraphic unit A in the Kewell East 1, Mount Emu 1 and Booligal Creek 2, whereas it is absent from Booligal Creek 1 (Table 3 ). Figure 3 shows the wireline log response through the top of unit B as an abrupt lithological change, but it is represented by strong, sharp, low gamma-ray values in Mount Emu 1 (around 797 m) and a log segment with relatively low gamma-ray values in Kewell East 1 (around 577 m). In the Booligal Creek 2 on the north-western flank of the Blantyre sub-basin the top of lithostratigraphic unit B is lithologically similar to the unit in the Kewell East 1 and Mount Emu 1. The boundary between the top of unit B and the Tertiary sediments was intersected at a depth of 238 m in the Booligal Creek 2 (cf. Khalifa 2005; Khalifa and Ward 2009: Fig. 12 ).
The lithologic features in unit B generally indicate the presence of interbedded sandstone and siltstone grading upward into silty shale. Thick sandstone beds separated by shale may occur repeatedly; however, the presence of interbedded, poorly developed sandstone in the lower unit implies a gradational transition into the siltstone and silty shale with minor shaly siltstone (Fig. 3) . 
Lithostratigraphic unit C correlation
Lithostratigraphic unit C generally exhibits a sharp top with a high gamma-ray pattern and relatively low resistivity values (Fig. 3) . Two or three sandstone beds separated by thin shale beds occur in unit C; these beds are unconformably overlain by Tertiary sediments consisting of sandstone with thin siltstone (cf. Khalifa 2005; Khalifa and Ward 2009: Figs. 8, 12) . Correlation of the gamma-ray and resistivity log responses from Kewell East 1 to Mount Emu 1 shows the top of lithostratigraphic unit C. The boundary shows a clear lithological change on the gamma-ray logs in Mount Emu 1 at 612 m and Kewell East 1 at 378 m (Fig. 3) . In lithostratigraphic unit C, the sandstone is medium-to very fine-grained but dominantly fine-to very fine-grained with associated siltstone, shaley siltstone and shale interbeds that exhibit well-developed fining-upward trends (Fig. 3) . Lithostratigraphic unit C reaches a maximum thickness of 199 m in the Kewell East 1, while it is 185 m in the Mount Emu 1. It is absent from Booligal Creek 1 and 2 (Fig. 3) .
Sequence stratigraphical framework
Standard methods of sequence stratigraphic mapping (Van Wagoner et al. 1988 , 1990 Posamentier and Vail 1988; Galloway 1989 ) were used to identify parasequences and sequences on wireline logs and cores and to build up the large-scale sequence stratigraphical framework of the Winduck Interval in the Blantyre and western Neckarboo sub-basins.
This work has identified probable third-order and higher-frequency sequences and their associated systems tracts within the Winduck Interval (Figs. 4, 5, 6a, b) , and three types of key stratigraphic surface have been identified using the sequence stratigraphical framework previously developed (Fig. 7) . These have been used in a deterministic manner with regard to Winduck Interval correlation and can be listed as follows: (1) sequence boundary, (2) parasequence boundary (minor flooding surface) and (3) maximum flooding surface. Three sequences and ten parasequences have been identified in the Winduck Interval and are characterised as distributary channel sandstone complex, distributary mouth bar, tidal channel sand, proximal delta front associated with mouth bars complex and distal delta front to prodelta sediments (Table 1) .
The applicability of wireline log signatures for defining the parasequences and sequences in the Winduck Interval shows three major sequences, the Winduck sequence 1 (WKS1), Winduck sequence 2 (WKS2) and Winduck sequence 3 (WKS3). Internally, the sequences contain at least ten parasequences bounded by regionally mappable minor flooding surfaces (FS1-FS10) . From oldest to youngest, the parasequences are named A to K (Fig. 7) . These parasequences form progradational and retrogradational parasequence sets bounded by maximum flooding surfaces (MFS), as discussed in the next section.
Definition of Winduck sequence 1 (WKS1)
The sequence boundary (WKSB1) at the base of Winduck sequence 1 (WKS1) is picked near the bottom of the Winduck Interval at an erosion surface generally containing intermixed lithologies of claystone, siltstone and sandstone associated with traces of palaeosols (cf. Clark et al. 2001 ).
The sequence boundary of Winduck sequence 1 (WKS1) is represented by a marked increase in gamma-ray values and shift in resistivity corresponding to incoming sand in the lithological log within Kewell East 1 and Mount Emu 1 (Figs. 4, 5) , which generally display a sharp-based high gamma-ray pattern and relatively low resistivity values.
Four informal "major parasequences" are identified (Figs. 4, 5, 6a, b) . The boundaries of these parasequences can be identified on wireline log s throughout the entire study area, and they are interpreted to reflect major key stratigraphic surfaces.
Parasequence A Parasequence A is the oldest parasequence in Winduck sequence 1 (WKS1) in the study area. The flooding surface is labelled FS1 and can be observed as a change from low to high gamma-ray values correlative with grain size decreases upward from sandstone beds below the boundary to shale above (Figs. 4, 5) . Evidence for a sandstone-dominated unit with interbedded siltstones ranging from 20 to 35 %, but less in the shaly beds in the western Neckarboo Sub-basin (parasequence A), is seen in Kewell East 1 (Fig. 4) , where an average about 8-to 10-m-thick sandstone-dominated unit has been interpreted. In Kewell East 1 and Mount Emu l, gamma-ray log deflections of parasequence A are similar. No wireline log interpretation exists for parasequence A in the Booligal Creek 2, on the north-western flank of the Blantyre sub-basin, so the lithologic log is interpreted from core samples that show similarity to the upper part of parasequence A in the Kewell East 1 and Mount Emu 1.
Parasequence B Parasequence B consists of the lower part of the Winduck sequence 1, where it is topped by a flooding surface (FS2) that forms the boundary to the overlying parasequence C (Figs. 4, 5, 6a, b) . The gamma-ray log patterns show blocky sandstone beds and bedsets that thicken and increase in grain size upwards (cf. Emery and Myers 1996 and Rider 2002) . The upper parasequence boundary (FS2) is marked by an abrupt change in lithology from sandstone to shale.
Parasequence B averages 80 m thick and contains an average of 60-70 % sandstone. This parasequence is present in the Kewell East 1, Mount Emu 1 and Booligal Creek 2, but is not present in the Booligal Creek 1.
Parasequence C Parasequence C is widely distributed and consists of the middle part of the Winduck sequence 1, but it has also been observed in the lower part of Winduck sequence 1 (WKS1) in the Booligal Creek 1 (Fig. 6a) . Parasequence C includes upward-coarsening-to-blocky (progradational unit), low gamma-ray sandstones ranging from 10 to 20 m thick. The upper parasequence boundary (FS3) is marked by an abrupt change in lithology from sandstone below the boundary to shale or shaly siltstone above the boundary indicating a marine flooding surface. Overall, this parasequence averages 30 m thick and has average sandstone content of 50-60 %. Interbedded siltstones are 4-10 m thick, with an average of 10 % thin-bedded shale and shaly siltstone (see Booligal Creek 1 and 2 wells: Fig. 6a, b) .
Parasequence D Observations of parasequence D are based entirely on subsurface data in the study area. The core lithology and gamma-ray and resistivity log characters show that the unit is similar to the previously described parasequences with progradational sets of stacked upward coarsening units within Winduck sequence 1 (Figs. 4, 5,  6a, b) . Based on log character, the upper boundary (FS4) is marked by an abrupt change in lithology from sandstone below the boundary to siltstone or shaly siltstone above the (Fig. 6b) .
The boundary of parasequence D is equivalent to the sequence boundary (WKSB2) at the base of Winduck sequence 2 (WKS2) and is labelled WKSB2/TS/FS4 in Figs. 4, 5 and 6b.
Parasequence D is composed of sandstone beds as much as 10 m thick interbedded with siltstone beds 2-6 m thick with an average of 10 % thin-bedded shale and shaly (FS1-FS11) . Datum is the top of the Winduck Interval as defined by Khalifa (2005) and Khalifa and Ward (2009) . The maximum flooding surface (MFS) at the top of parasequence E is overlain by Winduck sequence 2 (WKS2). The letters in parentheses associated with the sequence name indicate Winduck Interval nomenclature used by Bembrick (1997a, b) . WKS1 to WKS3 Winduck sequences 1 through 3 (refer to text for "Discussion" section) siltstone (see Kewell East 1 and Mount Emu 1 wells: Figs. 4, 5). Therefore, low gamma-ray log and high resistivity log patterns are common for this parasequence that averages just over 100 m in thickness and has an average sandstone content of 20-30 %. The maximum known thickness of parasequence D (115 m) has been recorded in Kewell East 1 and the minimum thickness (65 m) in the Mount Emu 1.
Definition of Winduck sequence 2 (WKS2)
The sequence boundary at the base of Winduck sequence 2 (WKS2) is locally an erosional surface on the underlying flooding surface on parasequence D and probably formed at the end of the highstand systems tract (HTS). The sequence boundary has a sharp base with a blocky wireline log pattern (i.e. gamma-ray or resistivity curves; Figs. 4, 5). Five parasequences have been recognised within WKS2, and they are described and interpreted below.
Parasequence E Parasequence E (predominantly a fining-upward pattern) at the base of Winduck sequence 2 (WKS2) is associated with an identified maximum flooding surface (MFS). Wells Kewell East and Mount Emu show the high gamma-ray log response to relatively high shale units at the maximum flooding surface (MFS; cf. Emery and Myers 1996; Rider 2002 and Slatt 2006) .
Figures 4, 5 and 6b show the maximum flooding surface at the top forming parasequence boundary (FS5). Low gamma-ray and high resistivity deflections show that the parasequence boundary (FS5) marks a locally sharp lithologic change from sandstone below the boundary to siltstone above the boundary. Furthermore, Kewell 1 and Mount Emu 1 confirm the location of the parasequence boundary (FS5) in the study area.
Parasequence F Parasequence F is predominantly a fining-upward pattern in the lower part of the Winduck sequence 2 (WKS2). The wireline log shows a low gammaray log and high resistivity log deflection at the upper parasequence boundary (FS6) marking a local sharp change in lithology from sandstone below the boundary to siltstone above the boundary. Furthermore, Kewell East 1 and Mount Emu 1 (Figs. 5, 6 ) confirm the parasequence boundary (FS6) interpretation in the study area.
Parasequence G Parasequence G forms the lower part of Winduck sequence 2, where it overlies parasequence F. In the western Neckarboo Sub-basin at the Kewell East, parasequence G is marked by an upward increase in gammaray response, indicating an upward-fining parasequence with a sharp upper parasequence boundary (FS7) indicating a flooding surface. The parasequence boundary (FS7) is sharp, as indicated by wireline log characteristics in Fig. 5 (in the Mount Emu 1) and as suggested by core lithology in Fig. 6b Parasequence H A sharp parasequence boundary (FS8) occurs at the top of parasequence H. In Mount Emu well, the upper surface of parasequence H occurs at a marine flooding surface. It is marked by a strong gamma-ray spike at the turnaround between upward-increasing to upwarddecreasing gamma-ray values (Fig. 4) . However, using both core and gamma-ray logs, it is difficult to pick an actual surface for the FS8 boundary at the top of parasequence H (see Kewell East 1 and Booligal Creek 2; Figs. 4, 6b) .
Parasequence H is characterised by facies association (D), suggesting deposition in a proximal delta front associated with mouth bar complexes as seen in Kewell East and Mount Emu. At the same time, a change of facies in the Booligal Creek 2, on the north-western flank of the Blantyre sub-basin, shows sediments deposited in a tidal channel sand facies association (C; cf. Selley 1985; Reineck and Singh 1980; Reading 1996) . The subsurface distribution of parasequence H is based on thickness trends with a maximum thickness of about 90 m in Mount Emu 1 and a minimum thickness of 50 m in Booligal Creek 2, while it is absent in Booligal Creek 1.
Parasequence I Parasequence I forms the middle part of Winduck sequence 2 (WKS2) in the Kewell East 1 and Mount Emu 1 (Figs. 4, 5 ), but it has been observed in the upper part of the Winduck sequence 2 (WKS2), in the Booligal Creek 2 (Fig. 6b) . Within parasequence I, the flooding surface forming the upper boundary of this lowstand unit is correlated with a transgressive lag of fine-grained sandstone and silty shale overlying a transgressively reworked parasequence boundary (FS9). Correlation of similar gamma-ray curve patterns from Kewell East 1 and Mount Emu 1 shows a bow-shaped gamma-ray log motif that picks the actual surface for the parasequence boundary (FS9). Parasequence I is interpreted from cores by a change in lithology from sandstone below the parasequence boundary (FS9) to silty shale or shaly siltstone above, although careful observation may reveal subtle evidence of a flooding surface marking the parasequence boundary (see Booligal Creek 2; Fig. 6b ).
The correlation of parasequence I in the subsurface is based on thickness trends. Parasequence I attains a maximum thickness of more than 50 m in the Mount Emu 1 (Fig. 5) , and it has been recorded in the Booligal Creek 2 (42 m). It has a thickness (35 m) in the Kewell East 1 (Fig. 4) , but is absent in the Booligal Creek 1.
Definition of Winduck sequence 3 (WKS3)
The sequence boundary (WKSB3), according to wireline logs, is interpreted to show an upward-fining highfrequency sequence at the base of Winduck sequence 3 (WKS3) in Kewell East 1 and Mount Emu 1 where it is composed of at least two parasequences.
Parasequence J Mapping of parasequence J in the subsurface is based on thickness trends that range from 74 m in Mount Emu 1-123 m in the Kewell East 1. It is 50 m thick in the Booligal Creek 2 well, but is absent in the Booligal Creek 1 (Fig. 6a) .
Parasequence J forms the lower part of Winduck sequence 3 (WKS3), where it overlies parasequence K in the Kewell East 1 and Mount Emu 1 (Figs. 4, 5, 6 ), but mapping has shown parasequence J in the uppermost part of the Winduck sequence 3 (WKS3) in the Booligal Creek 2 (Fig. 6b) .
The wireline log response shows the parasequence boundary (FS10) at the top of parasequence J in the Kewell East 1 and Mount Emu 1. The wireline logs display an upward-fining pattern that reverses below the boundary to an upward-coarsening pattern at distinct low gamma-ray and high resistivity values (Figs. 4, 5 ). In the wireline logs, the parasequence boundary displays a sharp change in lithology from shale below the boundary to fineto medium-grained sandstone above the boundary within the two well sections. Within these successions, the boundary of parasequence J is similar to the angular unconformity at the base of Tertiary sediments as defined by Ward (2009, 2010) . In Booligal Creek 1, no wireline log data exist for parasequence J, so the lithologic log is interpreted from core samples. The parasequence boundary shows change in core lithology from shale below the boundary to sandstone above the boundary (Fig. 6a) .
Parasequence K Parasequence K forms the upper part of Winduck sequence 3 (WKS3) in the Kewell East 1 and Mount Emu 1 (Figs. 4, 5 ), but it is absent in Booligal Creek 1 and 2 on the north-western flank of the Blantyre sub-basin. The thickness ranges from a maximum of 73 m in Kewell East 1 in the western Neckarboo Sub-basin to a minimum of about 62 m in Mount Emu 1 in the central part of the Blantyre sub-basin (Figs. 4, 5) .
Wireline log signatures define the parasequence boundary (FS11), at the top of parasequence K, in the Kewell East 1 and Mount Emu 1. The wireline logs display an upward-fining parasequence K, with the core lithology common to the two well sections characteristically associated with shale or thin silty shale beds below the boundary and sandstone beds above the boundary. Furthermore, the boundary of parasequence K is similar to the boundary between the base of the Snake Cave and top of Winduck Intervals (unconformity) as defined by Khalifa (2005) and Ward (2009, 2010) .
Discussion
Correlation of sequences and parasequences Figure 7 is a wireline log correlation showing the two criteria that are important for correlating the sequences and parasequences in the subsurface: (1) sedimentary facies observations in cuttings and core suggest that the latest Silurian to Early Devonian Winduck Interval is not characterised by significant facies variation between parasequences (Table 1; Figs. 4, 5, 6a, b) ; and (2) the wireline log signatures and characteristics of upward-coarsening and upward-fining parasequences bounded by flooding surfaces or sequence boundaries (Figs. 4, 5, 6a, b) . Four of these parasequences form progradational and retrogradational parasequence sets bounded by major flooding surfaces (MFS). These major flooding surfaces can generally be correlated regionally, whereas the flooding surfaces bounding individual parasequences commonly can be correlated only locally (Figs. 4, 5, 6a, b) .
Wireline logs are especially useful for correlation of the sandstone-, shale-and siltstone-dominated intervals, which bound the parasequences A to K, and were used to help clarify the palaeogeography and distribution of sequences 1, 2 and 3. Preliminary correlations of flooding surfaces, maximum flooding surfaces and log markers (mainly sandstone and shale beds) identified in cores and interpreted on wireline log correlation between the Blantyre and western Neckarboo sub-basins reveal a distinct vertical change in stratigraphic architecture within the Winduck Interval.
Wireline log correlation in a detailed parasequence cross section showing the Winduck sequence 1 is labelled WKS1 in Fig. 7 . The sand-dominated parts of the Winduck sequence 1 are identified by inflections of gamma-ray and resistivity curves, which correspond to coarsening-upward trends (cf. Van Wagoner et al. 1990 ). Interpretation of a widespread sequence boundary is labelled WKSB1 within the study area. Winduck sequence 1 thus consists of four parasequences (A-D) forming a weakly to strongly progradational parasequence set (Fig. 7) . A final progradational succession is represented by the coarsening-upward top part of Winduck sequence 1. The sequence is interpreted as a transgressive surface passing into a highstand systems tract. The vertical and lateral facies relationships predicted rock types observed in core and wireline log responses for individual parasequences A, B, C and D are interpreted to have been deposited in distributary channel sandstone complexes and distributary mouth bar successions as illustrated by Booligal Creek 1 and 2, Mount Emu 1 and Kewell East 1.
In Fig. 7 , correlations between the four wells display irregular parasequence surfaces (FS1, FS2, FS3 and FS4) showing the prograding complex of parasequences A, B, C and D. They are characterised by laterally continuous patterns in the western Neckarboo Sub-basin around Kewell East 1 well with genetically similar prograding complexes of parasequences in the central Blantyre subbasin around Mount Emu 1 well and around Booligal Creek 1 and 2 wells on the north-western flank. However, parasequences A and B are absent from Booligal Creek 1 well (see Fig. 6a ). The parasequence surfaces FS1 and FS2 form a prominent onlapping surface with the lower boundary of the Winduck sequence 1 around Booligal Creek 1 (Fig. 7) .
Winduck sequence 2 (WKS2) includes parasequences E to I. The sequence boundary (WKSB2) at the base of Winduck sequence 2 was picked from gamma-ray and resistivity wireline log patterns that suggest an increase in sandstone upsection, and it, therefore, truncates the underlying unconformity in the Booligal Creek 1. An angular unconformity is not discussed here (see Khalifa and Ward 2009 ). However, a sequence boundary (WKSB2) can be correlated between wireline log s in the study area (Fig. 7) . Sequence boundary 3 (WKSB3), as defined in these correlations, truncates the top of parasequences H and I. Also, sequence boundary 3 (WKSB3) is marked by truncation of the underlying unconformity between Booligal Creek 1 and Booligal Creek 2 as shown in Fig. 6a, b .
The top of Winduck sequence 3 (WKS3) bounding unconformity (late Early Devonian) varies regionally, but shows erosional truncation of parasequences H, J and K on the north-western flank of the Blantyre sub-basin. The top of the retrogradational log pattern commonly coincides with a high gamma-ray marker within Kewell East 1 and Mount Emu 1 (Figs. 4, 5) . The parasequence surfaces (FS8 and FS9) of the prograding Winduck sequence 3, marked by onlap, disconformably overlie the sequence boundary (WKSB3) between Booligal Creek 2 and Kewell East 1 as shown in Fig. 7 .
Sequence stratigraphy versus lithostratigraphic units
The sequence stratigraphic-lithostratigraphic model of the Winduck Interval study was initiated by detailed wireline log correlation based on gamma ray and resistivity. A composite log from Kewell East 1 (Fig. 4) illustrates the identified boundaries and their relation to lithostratigraphy. Also, matching of lithologies observed in core samples to specific log responses allowed recognition of a range of well-log signatures characteristic of the three sequences and helped to provide the necessary control for the lithostratigraphic units.
The sequence stratigraphic and lithostratigraphic model of the Winduck Interval in the Blantyre and western Neckarboo sub-basins (Fig. 8) was constructed using the top of Winduck Interval or equivalent unconformities in each well as a datum (see Alder et al. 1998; Clark et al. 2001; Khalifa 2005; Khalifa and Ward 2009 ). This horizon is a distinct lithologic break. It has a similar appearance in all of the wells (Mount Emu 1 and Kewell East 1) and is easy to identify on the wireline log signatures because it is marked by an abrupt gamma-ray and resistivity change (cf. Khalifa and Ward 2009: Figs. 5, 12; Khalifa and Ward 2010: Figs. 3, 14) . Correlating the logs using this datum leads to an interpretation of a continuous, relatively thin shale and shallow-marine sandstone stratigraphic section through the lower Winduck Interval in the Booligal Creek 1 and 2 (see Fig. 6a , b and the discussion above).
The sequence stratigraphic and lithostratigraphic model of the parasequence sets defines the high-resolution sequence stratigraphy of the Winduck Interval (Fig. 8) . The general character and internal sequence lithostratigraphic unit architecture is described as follows.
Highstand systems tract: we have identified two main highstand systems tracts on the wireline log correlation (Figs. 7, 8) . The highstand systems tract 1 (HST-1) is represented by lithostratigraphic unit A and consists of a progradational parasequence set, composed of four parasequences (A-D) that rest on top of the sequence boundary (WKSB2).
The lower boundary of the highstand systems tract 1 (HST-1) is defined by a sequence boundary (WKSB) that occurs below parasequence A, at the bottom of lithostratigraphic unit A (Figs. 7, 8 ).
In the well-log correlation (Figs. 7, 8) , the backstepping lower part of parasequence E near the top of the lithostratigraphic unit A is interpreted as a transgressive systems tract 1 (TST-1) forming approximately 30 % of Winduck sequence 2 (WKS2). It consists of parasequence E and facies association (B) "distributary mouth bar deposits" in the Booligal Creek 2 to facies association (C) "tidal channel sand deposits" in the Mount Emu 1 and the Kewell East 1 and represents the least developed and most areally restricted systems tract in Winduck sequence 2. Although the transgressive systems tract 1 (TST-1) thins and pinches out around Booligal Creek 1 and 2 wells, the nature of the pinch out is marked by onlap disconformably overlying the sequence boundary (WKSB2; Fig. 8) . Parasequence E is strongly retrogradational relative to the underlying progradational parasequence set (parasequences A to D, Fig. 7) . Following the deposition of parasequence E, the shoreline moved an unknown distance eastward and a transgressive surface (TS) cut the upper part of parasequence E (Figs. 7,  8) . A maximum flooding surface (MFS) occurs approximately 5-10 m above parasequence E, representing the contact between lithostratigraphic unit A and the overlying lithostratigraphic unit B (Fig. 8) . The top of parasequence E is overlain by the highstand systems tract 2 (HST-2: Figs. 7, 8) , which consists of a progradational parasequence set within lithostratigraphic unit B. Also, highstand systems tract 2 (HST-2), forming approximately 70 % of Winduck sequence 2, is composed of four parasequences (F-I), and rests on top of the sequence boundary (WKSB2).
The highstand systems tract 2 (HST-2) is represented by several coarsening-upward parasequences (F-I) of the progradational facies associations including facies association (B) as distributary mouth bar deposits, facies association (C) as tidal channel sand deposits and facies association (D) as proximal delta front associated with mouth bar deposits (Table 1; Figs. 4, 5, 6a, b) . The parasequences thin upward but internally shaly siltstone and silty shale facies (facies WKE-8 and facies ME-5) thicken upwards. Sedimentary facies stacking indicates progradation towards the northwest with a shoreline located towards the east (Figs. 7, 8 ). HST-2 is erosionally truncated and overlain by transgressive facies of Winduck sequence 3 (WKS3), as seen high on the western side of the wireline log correlations around the Booligal Creek 1 and 2 (Fig. 8) .
Winduck sequence 3, which is entirely penetrated by most of the wells, provides the best lithostratigraphic unit C control on sequence thickness and siltstone, silty shale, shaly siltstone and shale distributions (Figs. 4, 5, 6a, b) . The transgressive systems tract 2 (TST-2) of Winduck sequence 3 (Figs. 7, 8 ) is composed of thin backstepping parasequences I, J and K in a retrogradational parasequence set. A maximum flooding surface (MFS) has not been identified in this systems tract. Only siltstones and very thin sandstones are preserved in the transgressive systems tract 2 (TST-2). The medium-grained part of the transgressive systems tract 2 (TST-2) was apparently truncated by the next stratigraphic boundary (top of Winduck Interval). Erosion of the transgressive systems tract 2 (TST-2) along the overlying stratigraphic boundary is common beneath the Tertiary sequences in the Booligal Creek 2, on the north-western flank of the Blantyre sub-basin (cf. Khalifa and Ward 2009: Figs. 8, 12) .
Conclusions
The detailed description of the Winduck Interval in the central part of the Darling Basin, embracing the Blantyre and western Neckarboo sub-basins, provides new information for understanding the lithostratigraphy and sequence stratigraphic correlations of the area. This paper presents the first application of wireline log signatures (gamma ray and resistivity) combined with core and cutting descriptions and limited biostratigraphic data that have enabled the construction of wireline log lithostratigraphic and sequence stratigraphic correlations and a sequence stratigraphiclithostratigraphic model for the Winduck Interval.
An informal stratigraphic framework for the subsurface Winduck Interval in the Blantyre and western Neckarboo sub-basins in the central part of the Darling Basin consists of three lithostratigraphic units A, B and C, in ascending order as shown in Fig. 3 . These lithostratigraphic units were correlated based on their lithologic features as interpreted from gamma-ray and resistivity wireline logs supplemented by core and cutting data. These lithostratigraphic units constitute significant divisions of the Winduck Interval and facilitate regional mapping.
Application of the sequence stratigraphic approach has improved our understanding of the latest Silurian to Early Devonian subsurface Winduck Interval in the Blantyre and western Neckarboo sub-basins. Three key stratigraphic surfaces have been identified in this study area (Fig. 7) : (a) sequence boundaries (WKSB1, WKSB2 and WKSB3), (b) parasequences boundaries (FS1-FS11) as minor flooding surface and (c) maximum flooding surface (MFS). The Winduck Interval is characterised by three major sequences (Winduck sequences 1-3) that consist of four parasequence sets and ten parasequences. Winduck sequence 1 (WKS1) consists of one progradational parasequence set (one coarsening upward) and four parasequences (A, B, C and D). Winduck sequence 2 (WKS2) consists of one retrogradational parasequence set and one progradational parasequence set (fining upward to coarsening upward) and parasequences (E, F, G, H and I). Finally, Winduck sequence 3 (WKS3) consists of one retrogradational parasequence set (fining upward) and the last two parasequences (J and K). • Highstand systems tract 1 (HST-1) forms 70 % of lithostratigraphic A. Its lower boundary is defined by the sequence boundary (WKSB) that occurs below parasequence A, at the bottom of lithostratigraphic unit A.
• The backstepping lower part of parasequence E near the top of the lithostratigraphic A is interpreted as forming a transgressive systems tract 1 (TST-1) constituting approximately 30 % of Winduck sequence 2 (WKS2). This is the most areally restricted systems tract in the Winduck sequence 2 (WKS2). Although TST-1 thins and pinches out around Booligal Creek 1 and 2, the nature of the pinch out is marked by an onlap disconformably overlying the sequence boundary (WKSB2).
A maximum flooding surface (MFS) occurs approximately 5-10 m above parasequence E, representing the contact between lithostratigraphic unit A and the overlying lithostratigraphic unit B.
• The top of parasequence E is overlain by highstand systems tract 2 (HST-2). It forms approximately 70 % of Winduck sequence 2 (WKS2) and is composed of four parasequences (F, G, H and I) resting on top of the sequence boundary (WKSB2).
• Winduck sequence 3 (WKS3), which is entirely penetrated by two of the wells, provides the best lithostratigraphic control on sequence thickness and siltstone, silty shale, shaly siltstone and shale distributions. The transgressive systems tract (2) of Winduck sequence 3 (WKS3) is composed of thin backstepping parasequences I, J and K, in a retrogradational parasequence set. A maximum flooding surface (MFS) has not been identified in this systems tract. Only siltstones and very thin sandstones are preserved in the transgressive systems tract 2 (TST-2). Erosion of the transgressive systems tract (2) has occurred beneath the overlying Tertiary sequence in Booligal Creek 2 on the north-western flank of the Blantyre sub-basin.
